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Introduction
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ABSTRACT

This study investigates the impact of fatty acids on the cloud condensation nuclei (CCN) activity of sea salt aerosol of
initial size 30, 50, 70 or 90 nm. Two of the major fatty acids in the marine environment, palmitic acid (C16) and stearic
acid (C18), were investigated along with their unsaturated analogues palmitoleic acid and oleic acid, respectively.
Sea salt seed particles were generated by aeration through a diffuser placed inside a sea spray tank. Fatty acids were
added to the particles via condensation of fatty acid vapours in a heated flask at different temperatures. The diameters
and CCN activity of particles before and after condensation of fatty acids were monitored. Based on the change in
mobility diameter, a coating thickness and an organic volume fraction were inferred. Addition of the unsaturated acids
to the core sea salt particles did not result in hindered water uptake for any organic volume fractions studied (25-96%)
and critical supersaturations generally followed the kappa addition rule assuming a kappa value of zero for the fatty
acids and assuming a constant surface tension equal to that of water. For the saturated fatty acids, a deviation from
the Zdanovskii, Stokes and Robinson assumption (kappa mixing rule) in the direction of hindered water uptake was
observed for organic volume fractions corresponding to thick (25-29 nm) coatings of palmitic acid and even thinner
coatings of stearic acid.

Keywords: CCN, marine aerosol, sea salt particle, coaring, fatry acids

Sea spray aerosol (SSA) formed by breaking waves accounts
for the largest fraction of the total atmospheric mass emission
of natural aerosols (Andreae and Rosenfeld, 2008; de Leeuw
et al., 2011). Once emitted, SSA contributes significantly to
cloud condensation nuclei (CCN) concentrations in the marine
atmosphere. It has been shown that submicron sea salt particles
may contribute as much as 90% of CCN in remote marine re-
gions (Clarke et al., 2006). SSA does not only contain inorganic
sea salts, but can also contains large fractions of organic matter
(Middlebrook et al., 1998; Cavalli et al., 2004; O’Dowd et al.,
2004; Aller et al., 2005; Leck and Bigg, 2005; Facchini et al.,
2008; Hawkins and Russell, 2010; Russell et al., 2010; Orellana
et al., 2011; Gantt and Meskhidze, 2013; Quinn et al., 2014,
2015). Organic enrichment in SSA relative to bulk sea water
has been reported in the sub-micron size range (Keene et al.,
2007; Quinn et al., 2014, 2015) important for CCN activation.
Organic components can be scavenged onto sea salt particles
through the process of bubble rising and bursting at the ocean
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surface (Blanchard, 1975; Hoffman and Duce, 1976; Tseng
et al., 1992; Skop et al., 1994). Here, the sea surface micro-
layer (SML), which is the ultra-thin boundary layer between
ocean and the atmosphere, can play a critical role (O’Dowd and
De Leeuw, 2007; Wurl et al., 2011; Quinn et al., 2015). The
SML contains an elevated concentration of water-soluble organ-
ic matter as well as water-insoluble organic matter. Examples
are fatty acids, proteins and carbohydrates, which are products
of micro-organism membrane components, released to sea water
via cell exudation and break-up and accumulated at the sea wa-
ter surface (Ellison et al., 1999; Russell et al., 2010), microgels
(Orellana et al., 2011) or bacteria and viruses (Aller et al., 2005).

Various field measurements have reported fatty acids as a
common organic component found in marine SSA (Gagosian
et al., 1981; Mochida et al., 2002; Peterson and Tyler, 2002;
Tervahattu et al., 2002a, 2002b; Mochida et al., 2003, 2007;
Peterson and Tyler, 2003; Ault et al., 2013), specifically on
the surface of particles (Peterson and Tyler, 2002; Tervahattu
et al., 2002a; Donaldson and Vaida, 2006). The extent of fatty
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Table 1. Coating materials and conditions.

Palmitic acid Palmitoleic acid

Stearic acid Oleic acid

TUPAC name Hexadecanoic acid (Z)-hexadec-9-enoic acid Octadecanoic acid (Z)-octadec-9-enoic acid
Molecular formula C,H,,0, C,H,,0, C,H,0, CH,,0,

Linear formula CH,(CH,),,COOH CH,(CH,),CH=CH(CH,),COOH CH,(CH,) ,COOH CH,(CH,),CH=CH(CH,),COOH
Structure i i __ﬁm -~ _1 P e PR .l_ A I l
Molecular weight/g mol™! 256.42 254.41 284.48 282.46

Melting point/°C* 61-62.5 -0.1 69-72 13-14

Density/g mL™" 0.85 (at 25 °C) 0.90 (at 20 °C) 0.94 0.89 (at 25 °C)

Appearance at 25 °C Solid Liquid Solid Liquid

“Source: Sigma Aldrich.

acids covering sea salt particle surface was estimated to be in
the range of 0.3-14% if averaged over all sizes (Mochida et al.,
2002). Fatty acids have also been found enriched in SML com-
pared to bulk sea water (Marty et al., 1979; Osterroht, 1993;
Quinn et al., 2015). The fatty acids in SML have a high even
to odd number of the fatty acids, often with the dominance of
C16 followed by C18 for both saturated and unsaturated acids
(Hunter and Liss, 1981; Osterroht, 1993). Similar to fatty acids
in the SML, Mochida et al. (2002) noted considerably higher
fractions of C14, C16 and C18 acids in marine aerosols com-
pared to other fatty acids, with a good correlation between the
fatty acid concentrations and sea salt particle concentrations,
indicating a marine origin for both species, which were in line
with earlier observations by Peltzer et al. (1984).

The ability of atmospheric particles to act as nuclei for cloud
droplet formation is controlled by particle size and chemical
composition (Farmer et al., 2015). While salt often dominates
the CCN activity in internally mixed particles (Bilde and
Svenningsson, 2004), it has been discussed that the presence
of particle coatings, e.g. Cruz and Pandis (1998), Xiong et al.
(1998), Abbatt et al. (2005), Garland et al. (2005), Mindmbres
et al. (2014), may significantly influence the hygroscopic
growth and CCN activity of aerosol particles.

The C16 and C18 fatty acids are characterised by very low
water solubility, e.g. 0.0072 g palmitic acid per kg water (Haynes,
2016). They are therefore classified as CCN inactive (Petters et
al., 2016); even if present in very large volume fractions, they
are not predicted to contribute to water uptake (assuming a
surface tension of water). At the same time, these molecules
are however strongly surface active and it is suggested that in
salty aerosol they form surface films potentially changing water
uptake (Ruehl and Wilson, 2014) and CCN activity (Schwier
et al., 2012). Since fatty acids dominate sub-micron particles,
Collins et al. (2016) point out that discrepancies between the
organic fraction of SSA as derived from CCN measurements
compared to that derived from chemical analysis of SSA could
be due to surface tension effects.

Despite the abundance of fatty acids in marine aerosol, no
systematic laboratory study on the effect of fatty acid coatings
on core sea salt aerosol has however been carried out. The

current experimental study was conducted to elucidate the role
of the most important fatty acids (C16 and C18) on CCN activ-
ity of SSA.

A particular challenge in this regard is to obtain a controlled
volume fraction (and coating thickness) of organic material
for organics of low water solubility. To overcome this chal-
lenge, the study follows a previously used procedure (Cruz and
Pandis, 1998; Xiong et al., 1998; Garland et al., 2005; Ruehl
and Wilson, 2014), namely coating of dried size selected core
salt particles by condensation of organics from the gas phase.

Specifically, sea salt particles were coated with saturated and
unsaturated fatty acids identified in the SML as well as in SSA:
palmitic acid C16:0, palmitoleic acid C16:1, stearic acid C18:0
and oleic acid C18:1. In the notation Cj, i, j refers to the number
of carbon atoms in the fatty acid and i denotes the number of
double bonds, i.e. saturated (i = 0) or unsaturated with a single
double bond (i = 1).

2. Experimental

2.1. Chemicals

Seed sea salt particles were generated from solution of artifi-
cial Sigma sea salt (Sigma—Aldrich, S9883; 55% CI, 31% Na,
8% SOAZ[, 4% Mg, 1% K, 1% Ca, <1% other). The fatty acids
used for coating were saturated palmitic acid (C,H,,0,, puri-
ty > 99%, Sigma—Aldrich, CAS 57-10-3), unsaturated palmi-
toleic acid (C,(H, O,, purity = 98.5%, Sigma-Aldrich, CAS
373-49-9), saturated stearic acid (CH,0,, purity = 99.5%,
Sigma—Aldrich, CAS 57-11-4) and unsaturated oleic acid
(C,(H,,0,, purity > 99%, Sigma-Aldrich, CAS 112-80-1). De-
tailed descriptions of coating materials are provided in Table 1.

The CCN counter was calibrated using ammonium sulphate
((NH,),SO,, purity > 99.9999%, Fluka Analytical, 101279573).
Milli-Q water was purified using a Milli-Q water integral system
(EMD Millipore) and used in all experiments. Air entering the sea
spray tank was purified using a filtered air supply (TSI, 3074B,
Minnesota). Dilution air was dried and cleaned by passing it

through an active charcoal scrubber, silica dryers and a HEPA filter.
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Fig. 1. The experimental set-up employed in this study. The arrow shows the flow direction. For CCN activity measurements, the flow from the
coating bottle was split between the CPC and CCN counter. For size distribution measurements, the flow was split between the CCN counter and

the SMPS system (DMA2 + CPC).

2.2.  Particle generation

The experimental set-up is shown in Fig. 1 and detailed as
follows. Particles were generated by either atomisation (for
calibration of CCN counter) or from bubble bursting. For
atomisation, a constant output atomizer (TSI 3076) was used.
A home-built stainless steel tank (King et al., 2012) was used
for laboratory generation of SSA. The tank was filled with
artificial sea water, prepared by dissolving 350 g Sigma sea
salt in 10 L of milli-Q water, yielding a salinity of 35%e.
Bubbles were produced via aeration of pressurised air (2 psi,
air flow rate of 6.5 L min™') through a stainless steel diffuser
placed at the bottom of the tank, approximately 27 cm from
the water surface. As bubbles rose and burst at the surface,
aerosols containing Sigma sea salt were collected from the
head space (approximately 5 L) and subsequently dried using
a set of diffusion dryers, which included two diffusion dryers
from TSI (306200) and two additional home-built diffusion
dryers filled with dried granulated silica (Silica gel orange,
Sigma-Aldrich).

2.3. Coating set-up

Dried particles (relative humidity (RH) < 10%) were led
through a soft X-ray aerosol neutralizer (TSI 3087, Shoreview,
Minesota, US) at a flow rate of 1 L min™' into a Differential
Mobility Analyser (DMA 3081 TSI, Shoreview, MN, US)
(sheath air: aerosol air 10:1), where a specific narrow size
fraction was selected. Four initial particle diameters were used:
30, 50, 70 and 90 nm, respectively. The monodisperse aerosol
flow was then led to a coating system, which consists of a
round bottom flask (VWR, VWRI 201-1358, 500 mL) partly
immersed in an oil (PEG 400) bath. The bath was placed on
a hot plate (IKA, RCT basic) with temperature control (IKA,
IKATRON ETS-D4-fuzzy, operating temperature range —10
to +400 °C, accuracy +0.1 K in temperature range — 10 to
+100 °C). A magnetic stirrer was placed inside the oil bath to

facilitate distribution of heat. The particle size after coating was
measured as detailed in Section 2.4.

Coating temperatures were selected based on a number of
initial tests. In case of palmitic and palmitoleic acids, a thin
(47 nm), medium (12—-17 nm) and thick coating (25-29 nm)
were obtained. These correspond to 28-63%, 50—-86% and 74—
96% organic volume fractions, respectively. In case of stearic
acid and oleic acid, only a thin coating was achieved with the
low and medium temperature settings and a medium coating
was achieved with the highest temperature setting. In the ref-
erence experiment, Sigma sea salt particles were led through
a clean empty round bottom flask. RH was kept below 10% in
all experiments.

2.4.  Measurements of CCN activity and particle size
distributions

After coating, one of the two measurement modes (particle size
distribution or CCN) was applied.

For CCN measurements, the flow of particles was split
between a CCN counter (Droplet Measurement Technologies,
0.5 L min™') and a condensation particle counter (CPC, TSI
3010, 1 L min™) to simultaneously measure CCN and total
particle number concentrations, respectively. The CCN counter
was set to scan stepwise over a range of supersaturations, with
a time interval of 5 min at each supersaturation. A minimum of
9 up to 15 supersaturations were used in any scan.

The supersaturation of the CCN counter was calibrated using
atomised ammonium sulphate according to Rose et al. (2008).
Theoretical supersaturations were calculated from the dry parti-
cle diameter, with the water activity calculated using the E-AIM
(Extended — Aerosol Inorganics Model, http://www.aim.env.
uea.ac.uk/aim/aim.php).

For particle size distribution measurements, the flow of
particles was split between the CCN counter (0.5 L min~') and
a Scanning Mobility Particle Sizer (SMPS) system (1 L min™"),
which consisted of a second DMA without a charger/neutraliser
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(sheath to aerosol flow ratio of 10:1) and the CPC (TSI 3010).
The inclusion of the CCN counter in the experimental set-
up for measurements of particle size distribution was to
ensure that the flow set-up was keptidentical to the previous CCN
measurements.

Both the CPC and CCN counter yielded a measurement point
every second. Average measurements of every 60 data points
(one minute) were used to construct the CCN curves, which
are presented as the ratio of CCN to CPC concentrations as a
function of supersaturation. Each CCN scan through a range of
supersaturations at a fixed dry particle diameter yields a CCN
curve. A sigmoidal fit was applied to each CCN curve using
the Igor Pro 6.36 software and an activation supersaturation (or
critical supersaturation SS ) was determined as the 50% activa-
tion point.

2.5. Cryogenic transmission electron microscopy
(Cryo-TEM)

Particles were collected using a home-built micro-inertial im-
pactor set-up (Kandler et al., 2007) specifically designed for
collection of submicron particles for microscopy sampling: a
jet with the critical diameter of 0.25 mm was mounted before a
jet with a diameter of 0.6 mm, followed by a TEM grid mounted
to a holder with openings for the air stream to pass at the sides.
This set-up of jets is different from the one used in Kandler et al.
(2007), but was chosen here because it reduces the speed of the
air stream and particles from 343 to 57 m/s from the first to the
second jet, which should also lead to a gentler impaction of
the particles on the substrate. The substrate used was a finder
type Ni-TEM grid with holey carbon (S147N9, Plano, Wetzlar,
Germany).

Both uncoated sea salt particle samples and particles coated
with the thickest coating of palmitic acid (80 °C) were collected
for Cryo-TEM analysis. Ninety nanometre particles were size
selected by the first DMA and led through the same experimen-
tal set-up (Fig. 1). The only difference was that the impactor
was mounted at the same position as the CCN counter in the
original set-up, as both instruments produce a flow of 0.5 Lpm
and can thus substitute each other without disturbing the overall
flow in the system. Each TEM sample was collected for 210 s,
corresponding to the scanning duration of the parallel SMPS
system.

Directly after sampling, the impactor was placed into a
closed box with silica gel and transported to a fume hood. Here,
the TEM grids were removed from the Micro Inertial Impactor
container under gentle flow of gaseous nitrogen to avoid con-
densation of water vapour on the particles, flash frozen in liquid
nitrogen and loaded into the microscope using an autoloader.
The samples were examined using a FEI Titan Krios operating
at 300 kV under cryogenic conditions.

The uncoated particle samples were collected and stored in
a closed container with silica gel and examined the day after

sampling, whereas the coated particle samples were frozen and
transferred to the FEI Titan Krios immediately.

3. Theory

3.1. Organic volume fraction and coating thickness

The organic volume fraction was calculated from the measured
(SMPS) diameters of uncoated (Dpinmﬂl) and coated (Dpfmal) par-

ticles, assuming spherical particles and that all volume increase
was due to the deposited fatty acids only as follows:

Organic volume fraction (%) =

Volume — Volume

coated particle

Volume

uncoated particle

x 100% @

‘coated particle

Assuming a uniform and full coating of the particles, the coat-
ing thickness was calculated as:

D

D p.final -
2

p.initial

(@)

Coating thickness =

where Dp i @0 Dp ana ar€ the particle diameters measured by

the SMPS system before and after coating, respectively.

3.2.  Kohler theory

The water vapour saturation ratio (S) over an aqueous solution
droplet is described by the so-called Kohler equation (Kohler,

1936).
S=a exp % 3
o\ %D 3)

p

where o is the air-liquid surface tension, M_ is the molecular
weight of water, p_ is the density of water, R is the ideal gas
constant, 7'is the temperature, Dp is the droplet diameter and a
is the water activity of the droplet solution.

Petters and Kreidenweis (2007) suggested to parameterise
the water activity term as follows.

1 |4
—=1+1<V— 4)

where V_is the volume of the dry particle, V_ is the volume
of water in the droplet and x is the so-called hygroscopicity
parameter.

Combining this with Kohler theory, the x-Kohler equation
can be obtained (Petters and Kreidenweis, 2007).

3 3
_ D, =Dy 4y 4M, 0,
§=— S exp | o 5)
D -D, «(1-x) Py

p.dry p

where Dpy ary is the dry particle diameter. The air-liquid
surface tension g_ is assumed to equal the surface tension of the
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Fig. 2. Measured size distribution (a) of Sigma sea salt (initial diameter of 70 nm) particles before and after coating with palmitoleic acid (medium

coating thickness, 80 °C) and (b) the corresponding CCN activation curve.

Table 2. Characterisation of fatty acid coating.

Carbon
chain
Coating Coating length #of
tempera- thickness/  (cylinder)/  monolayer
ture/°C nm nm (cylinder)
Palmitic 64 5.8+0.5 1.867 3+0.3
acid C, 70 143 +0.9 8+0.5
30 27.7+0.5 15+0.3
Palmitoleic 74 59+0.2 1.714 3+0.1
acid C,, 80 128 0.9 8+0.5
85 265+ 1.5 16 £0.9
Stearic acid 67 4.0x0.2 2.115 2+0.1
Ceo 69 6.5+04 3+0.2
74 153+ 1.8 7+0.9
Oleic acid 69 39+0.1 1.937 2+0.1
Cp 73 7.5+0.5 4+0.2
80 13.9+0.7 7+0.3

water—air interface and surfactant partitioning between bulk
and surface is neglected.

x values used to construct x lines in plots of critical
supersaturation versus dry particle diameter were obtained from
Markus Petters, Department of Atmospheric Science, Colorado
State University, Fort Collins, CO (URL: http://www4.ncsu.
edu/~mdpetter/code.html, Access date: January 2016).

The overall value for x of a mixture can be calculated assum-
ing a simple mixing rule based on the Zdanovskii, Stokes and
Robinson (ZSR) assumption (Petters and Kreidenweis, 2007):

K = ZE,-K'I- (6)

where ¢, is the dry volume fraction of component i in the parti-
cle and «; is the kappa value of the pure component i.

The effects of surface tension lowering on cloud droplet
formation represent a significant challenge for models and as

recently pointed out by Petters and Petters (2016) solubility
limitations and salting out effects in relation to surfactants pres-
ent special challenges. This could be particularly relevant in the
case of SSA containing salt and fatty acids. Studies comparing
results from thermodynamic models accounting for partitioning
of surfactants between the bulk and surface of droplets with
simple models neglecting surface tension effects (Sorjamaa
et al., 2004; Prisle et al., 2010; Lowe et al., 2016) show that sur-
face tension lowering from water soluble surfactants can in gen-
eral be ignored when predicting CCN activity. Recent studies
however point to special and unresolved effects due to surface
film formation in aqueous solution droplets (Ruehl and Wilson,
2014; Petters and Petters, 2016).

4. Results and discussion

4.1. Fatty acid coating

Figure 2(a) shows the size distributions of 70 nm dry sea salt
particles before (left) and after (right) coating with palmitoleic
acid (medium coating thickness, 80 °C) as measured by the
SMPS system. Figure 2(b) shows the corresponding CCN ac-
tivation curve for the coated particles. As can be seen from the
figure, the size distribution of coated particles shows a shoulder
towards larger diameter. This was generally observed for medi-
um and thick coatings. Potential explanations for these shoul-
ders could be multiple charged particles and uneven amounts of
time spent in the coating bottle. It was also observed that par-
ticle number concentrations decreased with increasing coating
temperature, which could be due to particle loss to the walls. As
all CCN curves showed a clear activation curve (Fig. 2(b)), only
the median number particle size of the main peak (obtained us-
ing AIM software, TSI) was further used as the final diameter

of coated particles (D _ ).

p, final
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Table 3. Overview of experimental data. Calculated x was obtained for each sea salt—fatty acid mixture based on x addition rule, using calculated

=0.93 and assuming as zero. An uncertainty of +0.01 was estimated for SS_based on propagation of uncertainty using the ammo-

Sigma sca salt fatty acid

nium sulphate calibration curve (Harris, 2007).

Dp) ot T 28tdev Coathing thick- Organic volume
T (°C) Dwnim] (nm)  (nm) SS,  ness (nm) fraction (%) Observed k  Calculated x

Sigma sea salt 30 299+0.2 0.74 n/a n/a 0.95 n/a
50 50.2 0.1 0.36 n/a n/a 0.87 n/a

70 70.5£0.1 0.21 n/a n/a 0.89 n/a

90 90.9 0.1 0.14 n/a n/a 0.97 n/a

Palmitic acid 64 30 41.0+1.0 0.78 5.6 61.2 0.33 0.36
C16:0 50 63.0%0.5 0.35 6.4 495 0.45 0.47
70 82.2+0.3 0.20 5.9 36.9 0.62 0.59

90 101.3+0.2 0.14 5.2 27.8 0.65 0.67

70 30 55.8+1.0 0.77 13.0 84.6 0.13 0.14

50 79.7+0.8 0.35 14.6 74.6 0.22 0.24

70 100.8 + 1.0 0.20 15.0 65.4 0.33 0.32

90 120.2 +0.3 0.14 14.5 56.2 0.41 0.41

80 30 83.9+£0.8 0.98 27.3 95.8 0.020 0.03

50 104.0+2.0 0.65 27.4 89.5 0.026 0.08

70 1244 + 3.1 0.25 27.7 82.9 0.11 0.13

90 146.2 + 1.6 0.18 28.5 77.4 0.14 0.20

Palmitoleic acid 74 30 41.7+0.7 0.79 5.9 63.1 0.30 0.34
Cl16:1 50 61.6+0.5 0.36 5.9 46.8 0.45 0.49
70 82.2+0.5 0.21 6.1 38.2 0.55 0.57

90 101.7 + 1.0 0.14 5.7 30.0 0.66 0.65

80 30 579+1.0 0.77 14.0 86.3 0.12 0.13

50 755+34 0.36 12.9 71.6 0.25 0.26

70 94.6 £0.3 0.21 12.4 60.0 0.36 0.37

90 113.5+0.2 0.15 11.9 50.4 0.42 0.46

85 30 87.4+£39 0.60 28.7 96.0 0.054 0.04

50 102.5+59 0.35 26.2 88.3 0.10 0.11

70 122.0+0.9 0.22 25.9 80.9 0.16 0.18

90 1409 +4.7 0.14 253 73.6 0.25 0.25

Stearic acid 67 30 38.1£0.7 0.78 4.2 53.0 0.41 0.44
C18:0 50 57.8£0.6 0.35 4.1 36.9 0.58 0.59
70 77.5+0.2 0.21 4.0 27.7 0.67 0.67

90 973 +0.8 0.14 3.9 22.0 0.76 0.73

69 30 435+0.5 0.79 7.1 69.7 0.27 0.28

50 62.0+0.5 0.36 6.5 50.6 0.45 0.46

70 80.9+0.6 0.22 6.3 39.6 0.52 0.56

90 100.9 £ 1.6 0.16 6.2 32.5 0.53 0.63

74 30 54.6 £2.0 0.81 12.8 85.0 0.13 0.14

50 79.4+45 0.38 154 77.1 0.19 0.21

70 100.3 £ 0.8 0.23 15.9 68.3 0.25 0.30

90 122.3 £ 0.5 0.17 17.1 62.5 0.26 0.35

Oleic acid C18:1 69 30 37.3+0.1 0.75 3.7 49.9 0.48 0.47
50 577+1.1 0.35 3.8 36.6 0.59 0.59

70 78.5+0.7 0.21 4.0 30.3 0.64 0.65

90 98.9+0.4 0.14 4.0 25.6 0.72 0.69

73 30 453 +0.8 0.76 7.7 73.2 0.25 0.25

50 655+24 0.35 7.7 58.2 0.40 0.39

70 853+0.6 0.21 7.4 48.4 0.55 0.48

90 105.2 £ 0.6 0.14 7.2 40.4 0.60 0.55

80 30 599 +2.7 0.75 15.0 88.7 0.11 0.11

50 784 +1.6 0.35 14.1 76.1 0.25 0.22

70 979 +1.2 0.21 13.7 65.9 0.36 0.32

90 116.1 £0.9 0.13 12.6 56.2 0.48 0.41

Assuming that particles are uniformly coated, an average The time of diffusion of a water molecule through a layer
coating thickness was calculated (Equation (2)) for every coat- of fatty acid coating is estimated as # = x*/2D where x is the

ing material at each coating temperature (Table 2). thickness of the coating and D is the diffusivity of water in the
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Fig. 3. TEM bright field images of (a) particle from the uncoated Sigma sea salt sample and (b) particles from coated Sigma sea salt sample (palmitic

acid, 80 °C).

fatty acid medium obtained using the Stokes—Einstein equa-
tion:

_ kT
67:17er0 )

where D is the diffusion coefficient of water in fatty acid, kB
is the Boltzmann constant, 7 is temperature, 7 is the dynamic
viscosity of the fatty acid medium and 1,0 is the radius of a wa-
ter molecule (Atkins and De Paula, 2014). The diameter of the
water molecule is of the order of ~0.3 nm (Schatzberg, 1967).
Accordingly, it is estimated that a water molecule would
take microseconds to diffuse through a nm coating layer of
oleic acid at 23.9 °C using a dynamic viscosity of 0.029 Pa s
(Noureddini et al., 1992). Meanwhile, palmitic acid and stearic
acid are not in the liquid form at room temperature. According
to a study by Renbaum-Wolff et al. (2013) on the dynamic vis-
cosities of common semi-solid and amorphous solid substanc-
es, the viscosity varies over a broad range from 10*to 102 Pa s
for semi-solids to >10'? Pa s for amorphous solid substances.
A mid-range semi-solid viscosity of 10" would thus result in a
diffusion time of ~3—4 s per nm coating layer, whereas an amor-
phous solid coating would result in a diffusion time of >10° s.
The timescale in the CCN counter is of the order of seconds
(Rose et al., 2008) and these ‘back of the envelope’ calcula-
tions thus suggest that even a thin coating by the saturated acids
if present as amorphous solids can hinder water uptake while
coatings by the unsaturated acids will not hinder water uptake.
The number of monolayers for each coating experiment was
estimated in a simple way assuming the fatty acids arranged on
the surface of the particles as a pack of cylinders. The length of
the cylinder was taken as the length of the carbon chain similar
to Garland et al. (2005). The corresponding carbon chain length
was calculated using the software ChemBio 3D Ultra 14.0. The
results are summarised in Table 3. The number of monolayers

calculated in this way likely represents a minimum estimate
since the molecules may bend and curl in the coating layer. In
all cases, the thickness of the coating corresponds to more than a
mono-layer assuming that the fatty acids are evenly distributed
on the sea salt particle surface.

To challenge the assumption of a uniform coating, the mor-
phology of the uncoated and coated particles was explored us-
ing CRYO-TEM which has recently been shown to be a very
promising technique for investigation of nascent sea spray par-
ticles (Patterson et al., 2016).

Particles on the pure sea salt sample showed no indication
of coating, but showed a clear pattern in electron diffraction,
which can be linked to sea salt (NaCl). In opposite, the parti-
cles which passed a bottle with palmitic acid heated to 80 °C
show some indication of coating. The primary particles have
the same diffraction patterns as the pure sea salt sample; in
addition, there is an amorphous phase which is partly or fully
coating them (e.g. Fig. 3) or attached to them in smaller, round
shaped form (not shown). Under flash freezing, amorphous ice
particles can be formed and were also found on the samples.
Large hexagonal ice crystals were observed on the samples as
well. It must be noticed that the SMPS selects electrical mo-
bility diameter, while the micro-inertial impactor sampling
is based on aerodynamic diameter and the TEM provides an
area projected diameter. Predicting the exact relations requires
knowledge on specific densities and a full characterisation of
the sampling efficiency of the impactor in the set-up which was
outside the scope of the current work but is also recommended
for future studies.

Garland et al. (2005) found that pure palmitic acid was stable
when investigated by environmental TEM, a technique apply-
ing higher water vapour pressure around the sample, compared
to normal TEM. However, coated ammonium sulphate particles
in their images show beam damage on the coated surface. A
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Fig. 4. Demonstration of the coating effect on the CCN activity of the saturated fatty acids: (a) palmitic acid C/6:0 and (b) stearic acid C/8:0. The
size of the marker represents the initial size of uncoated particles, with the smallest size (top left) representing 30 nm and the largest size (bottom)

representing 90 nm. The colour bar represents the organic volume fraction. The horizontal lines from D

of 30, 50, 70 and 90 nm serve to guide

piinitial

the eyes as SS_(%) of uncoated Sigma sea salt. The coloured lines connect particles with similar coating thickness.

similar pattern on the coated particles was found in this study
at higher spot sizes, or when the beam remained on the particle
for longer time (minutes).

The CRYO-TEM studies herein represent a first ap-
proach, giving some indication for the presence of the or-
ganic phase on sea salt particles after coating, but a final
proof of complete coating by for example tomography of a

completely coated particle is lacking. It cannot be excluded
that damage was induced to the coating by impaction on
the substrate. In the following, the discussions are framed
around organic volume fraction as well as the correspond-
ing coating thickness, bearing in mind that based on the mi-
croscopy studies, the presence of a complete coating has not
been proved.
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4.2.  CCN activity

Figure 4 shows results from the CCN experiments using the
saturated fatty acids (palmitic and stearic acid) as coating
material, while Fig. 5 shows the corresponding results from
those using the unsaturated fatty acids (palmitoleic and oleic
acids). The figures show the measured critical supersaturation

(SS,) versus the diameter of the coated particles Dp,ﬁnar The

size of the symbols reflects the diameter of the uncoated
particles. Accordingly, the smallest marker size corresponds
toaD

p.initial

toaD .

p.initial

the organic volume fraction. The uncoated Sigma sea salt

of 30 nm and the largest marker size corresponds
of 90 nm. The colour of the symbols represents

particles are shown in all graphs for reference. As expected
from the Kohler theory, the critical supersaturation decreases
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with increasing particle size for uncoated Sigma sea salt

particles.

Table 3 provides an overview of the experimental data
obtained.

4.2.1.  Saturated fatty acid coating. The saturated fatty

acids, palmitic and stearic acids, are solid at room temperature
and differ chemically by one CH, unit.

The effects of palmitic acid on the CCN activity of sea salt
particles were observed as follows. Reading from left to right
in Fig. 4(a) for each D _.

p.initial’

ing thickness increases. For coating thicknesses up to ~15 nm

the organic volume fraction/coat-

(at low temperature, 64 °C and medium temperature, 70 °C),
the critical supersaturation is determined by the salt core and
unchanged by the presence of the coating. This could be due
to uneven and incomplete coating providing the water vapour
direct access to the soluble salt or diffusion of the water through
the relatively thin coating.

The presence of the thickest coating of ~28 nm (at high tem-
perature setting, 80 °C) led to considerably higher SS_than that
for the salt core in all cases: for Dp,mma] of 30, 70 and 90 nm, the
increase of SS_ relative to the salt core was 29-33% SS , while
for D

p.initial

observed in all cases, it indicates that an organic volume frac-

of 50 nm, the increase was 82%. As activation was

tion corresponding to a coating of ~28 nm limits water uptake
to some extent but does not hinder it completely. Even though
uniform and full coating could not be proven based on the
CRYO-TEM studies, the fact that the deviation from the critical
supersaturation of the salt core happens at different organic vol-
ume fractions indicates that the hindered water uptake is deter-
mined more by the coating thickness corresponding to a given
organic volume fraction than the organic volume fraction alone.

At the same time, it is seen that for a given coating thickness
(thin or medium), the critical supersaturation decreases as the
core size increases and organic volume fraction decreases and
that particles with similar organic volume fractions broadly lie
on the same kappa lines.

Garland et al. (2005) studied water uptake at sub-saturated
conditions of ammonium sulphate particles coated with
palmitic acid and found that coatings (mass fraction ~20%,
coating thickness ~21 nm) did not affect deliquescence relative
humidity. For very thick coatings (mass fraction ~50%,
coating thickness of ~89 nm), a change in water uptake was
observed for the coated particles, with no clear deliquescence
point compared to the case of the inorganic core. Ruehl and
Wilson (2014) observed that coatings of palmitic acid on large
(200 nm) ammonium sulphate particles result in delayed water
uptake at relative humidity of 99.9%.

With respect to the other saturated acid (stearic acid C18:0,
Fig. 4(b)), the CCN activity of sea salt particles coated with this
compound was in most cases associated with a slightly higher
critical supersaturation than the salt core, with SS_ increased
from 1 to 14% for thin coatings (69 °C, ~7 nm coating thickness)

and 5-21% for medium coating (74 °C, ~15 nm coating
thickness). Thus, compared to the coating experiment with
palmitic acid C16:0, where no clear change in SS_was observed
as discussed above for thin and medium coating thicknesses, the
longer chain stearic acid C/8:0 perhaps demonstrates a stronger
ability to limit water uptake. It was however not possible to fully
confirm this trend, as stearic acid C78:0 could not be coated as
well as the other fatty acids as mentioned above and the case of
thicker coating (25-29 nm) could not be achieved.

For comparison, Raymond and Pandis (2002) did not
observe any activation of pure stearic acid particles and Ruehl
and Wilson (2014) did not observe droplet formation at 99.9%
for ammonium sulphate particles coating with stearic acid.
Abbatt et al. (2005) coated ammonium sulphate core particles
with stearic acid and found that coating thicknesses larger than
those in our experiments (20-40 nm) inhibited cloud droplet
formation of ammonium sulphate core particles in the range of
40-50 nm (SS < 2%). This was ascribed to the inability of water
vapour to diffuse through the solid coating of stearic acid within
the 20 s time scale of the experiment.

4.2.2.
fatty acids, palmitoleic and oleic acids, differ chemically only

Unsaturated fatty acid coating. The unsaturated
by one CH, unit. They differ chemically from the saturated
acids discussed above by a single double bond, and also in their
physical phase state by being liquid at room temperature.
Figure 5 shows that the coating by the unsaturated fatty acids
has little or no discernible effect on the CCN activity of the salt
for thin and medium coating thicknesses. For the smallest core
size (D p.initial
ing thickness of 26.5 nm, organic volume fraction of 96%) lead

=30), the thickest coating of palmitoleic acid (coat-

however to a significantly smaller critical supersaturation than
for the salt core. Enhancement of activation as a result of an
insoluble coating of unsaturated (liquid) fatty acid was also ob-
served by Abbatt et al. (2005) for ammonium sulphate particles
coated by oleic acid and ascribed to a ‘particle size effect’ (i.e.
lowering of the Kelvin term due to the increase in particle size
as aresult of coating by insoluble material). The result from this
study is at the ‘edge’ of this effect due to the relatively thinner
coating used; however, the observation here is consistent with
this particle size effect. It is only observed for the thickest coat-
ing of the smallest core size, where sensitivity to the Kelvin
term of the Kohler equation is largest. No discernible effect was
observed in case of oleic acid coating, where only a medium
coating thickness (~15 nm) was obtained for the corresponding
smallest core size. This is consistent with the absence of a delay
in water uptake at 99.9% RH as reported by Ruehl and Wilson
(2014) for ammonium sulphate particles coated with oleic acid.

There could be several explanations for the observation that
coatings by the unsaturated fatty acids do not seem to hinder
water uptake. One explanation is incomplete coating. It could
be that a liquid coating is more prone to form ‘enclaves’ result-
ing in an incomplete coating of the particles with direct access
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to the salt core. Another explanation is related to the different
nature of the saturated fatty acids (solid) and the unsaturated
fatty acids (liquid) coatings used in this study. The presence of
a double bond in the palmitoleic acid is expected to result in
a less compressed coating than for palmitic and stearic acids
since the unsaturated acids require more surface area per mol-
ecule (Finlayson-Pitts and Pitts, 2000). Consistently, diffusion
through the liquid unsaturated acid coating is expected to be
faster than through the corresponding solid saturated coating
(Abbatt et al., 2005) and as estimated above should happen
on a very short timescale. The difference between unsaturated
and saturated fatty acid coatings was also demonstrated in a
study of the coating film effects on the water uptake of H,SO,
particles by Xiong et al. (1998). The results showed a reduc-
tion in water uptake with monolayer coatings of the saturated
lauric acid C12:0 and stearic acid CI8:0, respectively, while
monolayer coating by the unsaturated oleic acid C/8:/ did not
affect water uptake.

4.2.3. Kappa values and atmospheric considerations.
Another way to look at the experimental data presented herein
and the trends discussed above is to compare experimental and
predicted kappa values.

Figure 6 shows observed kappa values versus kappa values
obtained using the kappa addition rule following equation (6).
Observed x values were identified for each pair pf D and

p.final

SS,_ using the spreadsheet provided by Markus Petters (URL:

pinitial

Sigma sca salt

,— coating temperature combination — calculated x was obtained for each

=0.93 and assuming x

iy acia &S Z€10. The colour bar represents the
fatty acid

http://www4.ncsu.edu/~mdpetter/code.html, Access date: Jan-
uary 2016) with detailed results provided in Table 3. x values
in the range of 0.87-0.97 were observed for Sigma sea salt. An
overall x value of 0.93 was calculated for Sigma sea salt by fit-
ting SS_ as a function of Dp following equation (5). The micros-
copy images suggest that the core sea salt particles are of cubic
shape. Applying a shape factor of 1.08 (Baron et al., 2011) to
the particle diameters as measured by the SMPS system results
in a kappa value of 1.04. The data shown in the figures are not
shape factor corrected.

It can be seen from Table 3 that coated particles had the
lowest x values of 0.020 (palmitic acid), 0.054 (palmitoleic
acid), 0.13 (stearic acid) and 0.11 (oleic acid). These x values
were obtained using the corresponding data pairs of D, and
SS,_ for the smallest core size (30 nm) with thickest coating.
This indicates that the true x values of the fatty acids must be
below these lowest observed values. In fact, oleic acid has been
reported to have a x value of only 0.003 (Rickards et al., 2013).
For the sake of simplicity, it was assumed that the fatty acids are
insoluble and thus a x value of zero was used in the calculations
using kappa addition rule.

It can be seen from Fig. 6 and Table 3 that for organic volume
fraction below 60%, the coating in general does not affect cloud
droplet activation and the kappa mixing rule applies. For the
saturated palmitic acid, a slight negative deviation (smaller ob-
served kappa value than predicted) from the kappa addition rule
was observed at thick coatings. It seems likely that this is due to
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Fig. 7. Comparison of the results from this study for thin coatings of palmitic acid (64 °C), palmitoleic acid (74 °C), stearic acid (67 °C) and oleic
acid (69 °C) with Sea Sweep SSA (Quinn et al., 2014). The colour bar represents the organic volume fraction. * means that the data were from Quinn

etal. (2014).

limited diffusion of water through a solid coating as discussed
above. This tendency of negative deviation was also observed
with the saturated stearic acid (Fig. 6). No clear pattern of devi-
ation from the kappa addition rule was observed for the thicker
coatings of the unsaturated palmitoleic and oleic acids, except
for the possible particle size effect observed with the thickest
coating of palmitoleic acid as discussed in Section 4.2.1.

In the marine atmosphere, there are various factors and pro-
cesses which can affect the hygroscopicity of SSA. In addition
to the chemical composition, microbial content, mixing state
and size of the nascent SSA condensation of natural or anthro-
pogenic low-volatile material and chemical reactions at particle
surfaces may influence hygroscopicity. Unravelling the differ-
ent effects is difficult. Collins et al. (2016) provides a compre-
hensive summary of studies on the effects of marine biology on
CCN activity and find that in general kappa values derived from
studies varying in complexity from a few proxy compounds
to complex microcosms are in the range 0.7-1.4 more or less
independent of particle size. On the other hand, Quinn et al.
(2014) finds kappa values as low as 0.4 from measurements in
the Western Atlantic at two stations: Georges Bank and the Sar-
gasso Sea from in situ measurements using the in situ particle
generator Sea Sweep.

As discussed by both Quinn et al. (2014) and Collins et al.
(2016), fatty acids may play an important role in determining
the CCN activity of SSA. Figure 7 shows kappa values of sea
salt aerosol containing thin coatings of fatty acids (this work) as

a function of final particle diameter. Also shown on the figure
are the field data from Quinn et al. (2014).

Sea salt particles coated with fatty acids show similar be-
haviours as that observed by Quinn et al. in the field (Quinn
et al., 2014): an increase in kappa value with increasing size
and decreasing organic volume fraction. For clarity, results
for medium and thick coatings are not shown in the figure as
they all fall below the kappa values for the thin coatings. The
best similarity is displayed by the particles containing thin
(4-7 nm) coatings corresponding to organic volume fractions
in the range 28-63%. These volume fractions are somewhat
lower than those reported by Quinn et al. (2014). There could
be several reasons for this, for example, the data of this study
are obtained for a single fatty acid while the field data are
prone to represent a more complex mixture of organic mol-
ecules.

5. Conclusions

This study provides insight into the effect of some of the
most common fatty acids in the marine boundary layer on
cloud droplet activation of SSA. In particular, it elucidates the
open question about a potential large effect of surface tension
lowering of fatty acids. Sigma sea salt particles were coated
with four fatty acids representing model systems for common
marine surfactants: palmitic acid, palmitoleic acid, stearic acid
and oleic acid.
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The unsaturated fatty acids (palmitoleic or oleic acid) are
liquid at room temperature and CCN activation of particles
consisting of sea salt and unsaturated fatty acid was modelled
well using the kappa mixing rule assuming a negligible kappa
value for the organic, surface tension of water and no surfactant
partitioning.

For the saturated fatty acids which are solid at room temper-
ature, some deviation from the ZSR assumption (kappa mixing
rule) was observed in the direction of hindered water uptake by
the presence of the fatty acid. The presence of a uniform coating
could not be proven from the CRYO-TEM studies, but even so,
the CCN results indicate that hindered water uptake is deter-
mined more by the coating thickness corresponding to a given
organic volume fraction than the organic volume fraction alone.
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